Abstract. We present a quantitative investigation of the impact of tip radius as well as sample type and thickness on the lateral resolution in piezoresponse force microscopy (PFM) investigating bulk single crystals. The observed linear dependence of the apparent width of a ferroelectric domain wall on the tip radius as well as the independence of the lateral resolution on the specific crystal-type are validated by a simple model. Using a Ti-Pt coated tip with a nominal radius of 15 nm the so far highest lateral resolution in bulk crystals of only 17 nm was obtained.
Introduction
Ferroelectrics attract increasing attention due to their applicability, e.g. for electrically controlled optical elements [1] , for efficient frequency-doubling [2, 3] , for photonic crystals [4] , or for non-volatile memories with an otherwise un-reached data-storage density [5] . The size of the domain structures required for these applications varies from a few microns down to some nanometres. The smaller the domains are, the more the properties of the domain walls become important. Generally, the width of the domain walls is expected to be a few crystal lattice cells [6] - [8] . Measuring the birefringence with scanning near-field microscopy in LiTaO 3 , however, showed a distortion of the crystal over a width of 3 µm across the domain boundary [9] . Detecting the Raman modes with a confocal defect-luminescence microscope, an influence of the domain wall in LiNbO 3 further than 1 µm into the surrounding material was observed [10] . On the other hand, high-resolution transmission electron microscopy yielded a domain wall width in PbTiO 3 of <2.8 nm [11] and with scanning nonlinear dielectric microscopy, a width of only 0.5 nm in ultra-thin PbZrTiO 3 films was determined [12] .
In the past ten years, piezoresponse force microscopy (PFM) has become a very common technique for domain imaging mainly due to its high lateral resolution without any need for specific sample preparation. This technique is based on the fact that ferroelectric materials are necessarily piezoelectric [13] . Therefore, the application of voltages causes thickness changes of the sample via the converse piezoelectric effect. For PFM a scanning force microscope is operated in contact mode with an alternating voltage U tip of frequency f applied to the tip. The periodic thickness changes of the sample and thus the resulting vibrations of the surface are followed by the tip which in turn lead to oscillations of the cantilever that can be read-out with a lock-in amplifier [14, 15] . Neither the amplitude nor the frequency of the applied voltage have a direct influence on PFM imaging. Typically 1-10 V are applied to the tip. The frequency, however, must be chosen high enough to avoid a compensation of the cantilever oscillation by the feedback circuit. The latter can at most respond in the few kiloHertz regime.
PFM imaging is usually influenced by a system inherent background [16] . One consequence is a pretended broadening of the apparent domain wall width W in PFM imaging when using the magnitude output R of the lock-in amplifier for read-out [17] . To obtain reliable data for W we used the in-phase output X of the lock-in amplifier (in the following denoted as PFM signal).
In this contribution, we present a study of the influence of the tip radius on the PFM imaging of 180
• ferroelectric domain walls in bulk single crystals. Therefore, we determined the apparent width W of the domain walls when imaged by PFM on LiNbO 3 crystals for tips of different radii. Furthermore we performed a series of measurements with LiNbO 3 samples of different thicknesses. We also compared W for different types of crystals using one unique tip. Finally, we present a simple analytical model that explains the observed dependencies of the apparent domain wall width W on the tip radius, the crystal thickness and the type of sample.
Experimental
The experiments were carried out with a commercial scanning force microscope (SMENA from NT-MDT). The system was modified to allow application of voltages to the tip in order to enable PFM measurements. The alternating voltage (U tip = 10 V pp , f = 30-60 kHz) was applied to the tip and the backside of the samples was grounded. 
Tip specifications
We used a series of different tips with radii varying from 10-90 nm, classified in table 1. All tips were made out of highly n-doped silicon and conductively coated with different materials. The spring constants ranged from 3 to 70 N m −1 . The tip with the smallest radius (r = 10 nm) was an exception since it was uncoated. Due to oxidation the outer few nanometres of the surface are modified to a non-conductive SiO 2 layer. As a consequence, the mechanical and the electrical tip do not coincide any more; the SiO 2 layer acts as a dielectric gap between the tip and the sample.
Sample specifications
The experiments for determining the dependence of the apparent domain wall width W on the tip radius r were performed using periodically poled lithium niobate (PPLN) crystals (period length = 30 µm) of 500 µm thickness. For the measurements of the dependence of W on the sample thickness t we used the same PPLN samples, mechanically thinned by polishing to the thickness wanted (15-1000 µm). The thinnest sample (0.9 µm) was a stoichiometric LiNbO 3 crystal. Here, the domains were generated with the help of the tip by applying a voltage of 20 V for 10 min. We also measured a series of samples different from LiNbO 3 as listed in table 2. Those samples had thicknesses of 0.5-2 mm and were either periodically poled (KTiOPO 4 and LiNbO 3 ) or had arbitrary domain patterns (BaTiO 3 , KNbO 3 , LiTaO 3 , Pb 5 Ge 3 O 11 and SBN).
Theoretical model
Calculating the spatial resolution achievable with PFM requires the exact electric field distribution underneath the tip and the electromechanical answer of the material. The latter is given by the dielectric constants as well as the elastic and piezoelectric tensors, respectively. This complex problem is most suitable for the finite element method, where all material constants can be included thus yielding quantitative results [18] . A detailed study on domain wall width imaged by PFM including finite element calculations has recently been undertaken [19] . In this contribution, we propose a much simplified approach to the problem of lateral resolution in PFM. This model is not capable of giving the amplitude of the measured PFM signals because the signals were normalized in order to facilitate the calculations. The model, however, can give a quantitative prediction of the apparent domain wall width W as a function of the tip radius r and the sample thickness t. In a first step, the problem was simplified by approximating the spherical apex of the tip with radius r by a point charge q at the distance r above the sample surface. We further assumed the sample to be isotropic with an effective dielectric constant ε eff = √ ε r ε z where ε z being the dielectric constant in z-direction and ε r the radial one perpendicular to z. For LiNbO 3 ε z = 27.8, ε r = 84.5 and thus ε eff = 48.4 [20] . Taking the finite thickness t of an isotropic sample into account the relevant electric field component E z underneath the tip is given by [21] :
Next, we define E max as the maximum electric field underneath the tip apex inside the sample (at x = y = z = 0). E max will be used to normalize the electric field. Furthermore, we scale all lengths with the tip radius r . Thus, the problem has become dimensionless. Figure 1(a) shows the electric field distribution E z inside a sample of infinite thickness. It can be seen, that at a depth of twice the tip radius r , the electric field has decayed to almost 10% of its initial value E max . Figure 1 (b) illustrates the analytical model used for the simulation of the lateral resolution of PFM. First, we define an active volume inside of which the electric field has decreased to a value E cut which has to be identified later by fitting the experimental data. Beyond the active volume we set E z = 0. The resulting piezomechanical deformation is calculated by integrating the contributions of the sample within the active volume: • domain wall in LiNbO 3 recorded with a tip of type B (r = 15 nm). The apparent domain wall width W is determined fitting the data using equation (3) . For comparison, a line scan is shown that was calculated with the theoretical model for a tip of 15 nm radius. P s denotes the orientation of the spontaneous polarization.
Here, d 33 = 8.1 pm V −1 denotes the longitudinal piezoelectric coefficient for LiNbO 3 along the z-axis [20] . As can be seen in figure 1(b) the contributions of region I and III to the piezomechanical deformation cancel each other. For the simulation of the PFM signal when scanning across a domain wall, the active volume was subdivided into approx. 10 9 cubic elements. In order to determine E cut the experimental data were fitted with the calculated slopes of the PFM signal across the domain wall. The best fits were obtained for E cut = 0.92 E max for all tip radii. Note that the main assumption made for the simulation consists of the stiffness of the crystal, i.e. within a length of some microns the crystal parts cannot deform independently. The strength of clamping in bulk samples has been demonstrated by other experiments [22] .
Experimental results

Dependence on the tip radius
In order to deduce the apparent domain wall width W from the experimental data, we normalized the PFM signals to an amplitude of 1 and fitted the data with a modified hyperbolic tangent
where A, B and w are used as free parameters. Note that this function is only used to determine the width W but has no direct physical meaning. Then we applied a 25-75% criterion on the scan lines of the PFM signal which corresponds to the full width at half maximum of the PFM amplitude. Figure 2 shows an example for a measurement with a r = 15 nm tip on a LiNbO 3 sample. The measurement (dotted line) is fitted according to equation (3) (slim line). For comparison the slope of the PFM signal calculated with the analytical model is also depicted (dashed line). As can be seen, the error determining W using equation (3) is minimal therefore we do not show any error bars in the subsequent graphs. On closer inspection of figure 2 one can see a discrepancy between measurement and theory at larger distances from the domain boundary. We attribute the broadening of the measured PFM line scans to the cone of the tip which is not taken into account in our analytical model. To reduce the influence of the cone on the determination of W we only consider the slope of the curves in a range similar to the tip radius. That is why we use the 25-75% criterion.
Processing the data in the above described manner, we extracted the data for W as a function of the tip radius as shown in figure 3 . The straight line results from our analytical model. The excellent agreement between measurement and model is striking and strongly sustains the model to give reasonable estimates on W . Implicit to our model, an atomically sharp domain wall is thus also sustained by the PFM measurements. Note that with tip B a width of only 17 nm was measured, the smallest value recorded with PFM in bulk materials so far. This can be compared with a recent publication, where the lowest limit for W of 65 nm was estimated for LiNbO 3 [23] . That value as well as our currently highest resolution is by no means a fundamental limit of the material itself but of the available tip sizes. It is furthermore evidently seen that the non-coated tip A shows a substantially inferior lateral resolution (W ≈ 50 nm) than expected by its tip radius of only 10 nm. This, however, is exactly what can be expected from a surface oxide layer: the conductive part of the tip being at a distance of several nanometres from the sample surface, separated by a dielectric SiO 2 layer generates a less localized electrical field inside the crystal, which results in a reduced spatial resolution.
Dependence on the sample thickness
In a further series of experiments, we determined W as a function of the sample thickness t varying the latter by three orders of magnitude from 0.9-1000 µm (figure 4). We used tips of type D with a nominal radius r = 35 nm. The accuracy and durability of the tips were controlled by measuring a standard 500 µm thick PPLN sample before and after each data acquisition with a sample of modified thickness. From figure 4 no change of the apparent width W within the thicknesses range of the samples could be observed. This, however, is consistent with our theoretical model where the electric field distribution E z is found to be independent on the sample thickness t for t > 15r . In the case of tip D with a nominal radius of r = 35 nm the electric field E z is thus the same for samples with thicknesses t > 500 nm. This can be understood if we calculate the electrical field, e.g. with the method of image charges where we place the charge q at (0, 0, −r ). In contrast to the case of an infinite isotropic half-plane, characterized by a single dielectric constant, we need two image charges q at (0, 0, r ) andq at (0, 0,r ) to account for the dielectric anisotropy given by ε z and ε r . The potential distribution above the surface is identical to the isotropic case but inside the crystal it is given by ϕ(x, y, z) =q ε r 2 ε z 1 x 2 + y 2 /ε r + (z −r ) 2 /ε z .
The only way to satisfy the boundary conditions at the surface (x, y, 0) is to setr = γ r which leads to E z (x, y, z) = 2qγ 1 + ε eff z + r x 2 + y 2 + (z + r ) 
From this equation, we can clearly see that the dielectric anisotropy does not affect the shape of the electrical field distribution but only the field strength.
Conclusions
To summarize, we have analyzed the impact of the tip radius and the sample thickness on the apparent domain wall width W observed with PFM. We introduced an analytical model which explains the experimental data: a linear dependency of W on the tip radius as well as no dependency of W on the sample thickness as long as the sample is thicker than 15-times the tip radius. The model assuming an infinitely sharp domain wall is perfectly consistent with the experimental data. Furthermore, we carried out a series of measurements for different kinds of single crystals. Even though their material parameters differ significantly all measured domain wall widths were found to be independent of the specific sample. This is explained by the identical shape of the electrical field inside the sample, which is the basis of our analytical model.
